Injury caused by soil-insect pests severely limits the production of high-quality sweetpotatoes, Ipomoea batatas (L.) Lamarck (Convolvulaceae) (Cuthbert 1967 , Sorensen 2009 ). In the United States, the key soil-insects affecting sweetpotatoes are primarily beetles (Coleoptera), including the spotted cucumber beetle (Diabrotica undecimpunctata howardi Barber), banded cucumber beetle (D. balteata LeConte), sweetpotato ßea beetle (Chaetocnema confinis Crotch), elongate ßea beetle (Systena elongata [F.]), wireworm larvae (Conoderus spp.), white grub larvae (Phyllophaga spp. and Plectris aliena Chapin), sugarcane beetle (Euetheola rugicepes LeConte), and sweetpotato weevil (Cylas formicarius (F.)) (Cuthbert 1967 , Smith 2006 , Sorensen 2009 ).
Most commercial sweetpotato cultivars have little resistance to pest damage, and insect-related losses are often substantial (Chalfant et al. 1990 ). Pest management programs in sweetpotato rely heavily on chemical insecticides and cultural practices. However, cultural methods are often ineffective and insecticides are expensive, unreliable, and have environmental or safety risks (Lawrence et al. 2005) . Therefore, improved, integrated pest management (IPM) approaches for this crop are needed (Schalk et al. 1991) . Because other control measures are not highly effective, host plant resistance could be the most effective component in sweetpotato IPM programs (Cuthbert and Jones 1978 , Collins et al. 1991 , Lawrence et al. 2005 . Antibiosis, nonpreference (antixenosis), and tolerance are all important mechanisms of pest resistance found in sweetpotato germplasm Rolston 1981, Jackson and .
Previous research has demonstrated the feasibility of breeding for resistance to soil-insect pest of sweetpotatoes , Sorensen 2009 ). Cockerham and Deen (1947) Þrst proposed that cultivars resistant to insect pests could be developed through plant breeding, and they initiated a screening program to evaluate sweetpotato varieties for resistance to the sweetpotato weevil. The incorporation of pest resistance into sweetpotato cultivars has been the primary focus of the sweetpotato breeding program at the USDA, ARS, U.S. Vegetable Laboratory (USVL)
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(Charleston, SC) for over 50 yr (Jones and Bouwkamp 1992, Sorensen 2009 ). Through a recurrent mass selection technique , this program has developed many improved genotypes with multiple pest resistance to diseases, nematodes, and insects (Jones and Bouwkamp 1992 , Ryan-Bohac et al. 2006 . This ongoing program uses a polycross nursery for the production of true sweetpotato seeds from which Þrst-year seedlings are grown and evaluated in the Þeld for yield, quality, and disease and insect resistance. Roots from Þrst-year seedlings showing acceptable agronomic characteristics and insect resistance are carried forward in the breeding program to intermediate and then to advanced testing in the Þeld , Schalk et al. 1991 . The Þeld evaluations of pest resistance have been done primarily at the USVL, where high populations of soil insect pests are found consistently (Cuthbert and Jones 1972) . Several insect-resistant sweetpotato cultivars have been released from this program (Jones and Bouwkamp 1992; Bohac et al. 2000 Bohac et al. , 2001 Bohac et al. , 2002 Jackson et al. 2010) .
Sweetpotato is a genetically diverse crop (Gichuki et al. 2003) , and there are several extensive germplasm collections (Villareal and Lo 1983 , Gregory 1988 , Anonymous 2011b , USDA 2011b . The Þrst step in breeding for a pest-resistant crop is to identify the most resistant genotypes to use as sources of resistance genes , Collins et al. 1991 . The use of wild relatives, landraces, and other unimproved germplasm sources is often necessary for introgression of useful characteristics into sweetpotato breeding lines (Iwanaga 1988 , Jones 1988 . Although there are several sources of sweetpotato germplasm throughout the world, much of that material has not been assessed adequately for desirable traits and little descriptor data are available (LaBonte 2002) . Therefore, the purpose of the research described herein was to evaluate sweetpotato genotypes to identify the most resistant for use as sources of resistance in the sweetpotato breeding programs at the USVL and other locations worldwide. From these materials, we believe it is possible to develop insect-resistant sweetpotato cultivars that possess the agronomic, nutritional, and culinary characteristics required for widespread acceptance.
Materials and Methods
Most of the sweetpotato genotypes evaluated in this study were obtained originally from the Sweetpotato Clonal Repository (GrifÞn, GA; USDA 2011a,b) , and are comprised of cultivars, advanced breeding clones, and plant introduction (PI) accessions. Fifty-Þve sweetpotato entries, consisting of seven control cultivars and 48 sweetpotato PIs, were evaluated in this study. All but three genotypes (ÔCosteñ o,Õ WT-057, and WT-399) were evaluated at the USVL (Table 1) . Twelve of the genotypes were evaluated at the Clemson University, Edisto Research and Education Center (Blackville, SC), and 20 genotypes were evaluated at the University of Florida, Tropical Research and Education Center (Homestead, FL). The seven control genotypes were ÔLibertyÕ (PI653844) (Jackson et al. 2011) , ÔPicaditoÕ (PI 634399) (OÕHair et al. 1983 ), ÔSu-morÕ (PI 566657) (Dukes et al. 1987) , ÔBeauregardÕ (PI 566613) (Rolston et al. 1987) , ÔSC1149 Ð19Õ (PI 63440) (USDA 2011a) , ÔRuddyÕ (PI 657999) , and ÔRegalÕ (PI 566650) . Beauregard and SC1149 Ð19, were used as insect-susceptible controls, and Ruddy, Regal, and Sumor were used as insect-resistant controls. Picadito and Liberty were used as controls for yield and quality characteristics for dry-ßeshed types . Picadito (or ÔPicaditaÕ) is a scarlet-skin, white-ßeshed genotype brought from Cuba that makes up Ϸ90% of the acreage of boniato-type sweetpotatoes in southern Florida (Olczyk 2008) . Liberty is a red-skin, creamßeshed cultivar that has high levels of resistance to nematodes (Jackson et al. 2011) . The cultivar ÔJewelÕ (PI 566638) (Pope et al. 1971 ) also was grown at Charleston, but because it was cultivated only during three seasons, it was not used as an insect-susceptible control. Another commercial cultivar, ÔHayman WhiteÕ (or ÔWhite HaymanÕ), is a sweet, white-ßeshed heirloom variety grown mainly on the eastern shore of the Chesapeake Bay (Anonymous 2011a) .
Several of the PIs were dry-ßeshed types . For example, ÔHiDryÕ is a white-ßesh variety developed at the USVL that has a dry matter of 37Ð 43% . ÔXushu-18Ј is a white-ßesh, high-dry matter industrial genotype that is the leading cultivar in China (Zhang et al. 2009 ). Other dry-ßeshed genotypes originally collected from the PaciÞc region were ÔMarkhamÕ (Papua New Guinea), ÔN.Z. 196 (613)Õ (Indonesia), ÔIB05Ј (Samoa), ÔTinianÕ (Tinian, Northern Mariana Islands), ÔLiaoshu 40Ј (China), CN 1028 Ð15 (Taiwan), ÔOki-nawa PurpleÕ (Japan), ÔKotobukiÕ (or ÔKoto-pukiÕ) (Japan), and ÔMinamiyutakaÕ (Japan) (Sakomoto 1976 , USDA 2011a ). The sweetpotato genotypes in the WT series were developed by the World Vegetable Center (AVRDC), Shanhua, Taiwan. These genotypes were from a cross between Ipomoea batatas, and 4X Ipomoea trifida, and many of the WT-series hybrid lines have signiÞcant resistance to sweetpotato weevils (AVRDC 1987) .
The African landrace ÔTanzaniaÕ is the most widely grown cultivar in sub-Saharan Africa, and this whiteskin, white-ßeshed genotype has been used as a control cultivar in several studies (Carpena 2009 ). The sweetpotato genotypes in the TIB and TIS series were developed from 1977 to 1988 by the International Institute of Tropical Agriculture (IITA), Ibadan, Nigeria, as part of their sweet potato improvement program (Russell 1992) . Several TIS-lines have been released as improved sweetpotato cultivars in Africa (Akoroda 2009 ), and Thompson et al. (2001) used TIS-lines to develop three insect-resistant sweetpotato genotypes.
Several of the sweetpotato PIs evaluated were from originally collected from the South America, Central America, or the Caribbean. Costeñ o, ÔChancleta de Chilca V.F.,Õ ÔIAC-72 Eucaru,Õ ÔJohnathan,Õ ÔQ 25720,Õ ÔQ 25725Õ, and ÔQ 25734Õ were from Peru (USDA 2011a ), while ÔMorada, sombicaÕ was from Venezuela and ÔSimon-1Ј was from Brazil. ÔCuba 2Ј is a boniato type collected from Cuba, while ÔTapatoÕ and ÔMar-garitaÕ are Puerto Rican varieties (USDA 2011a) . Genotypes from Guatemala were ÔCamote Morado,Õ ÔCamote Amarillo,Õ ÔCamote Blanco (623),Õ ÔCamote Blanco (Franja C),Õ and ÔChino AÕ (USDA 2011a) . Camote Morado (PI 399163) is a purple skin and purple ßesh variety with resistance to diseases and insects (Jackson and Bohac 2007 except that no insecticides were applied. Overhead irrigation was used as necessary to avoid drought stress. Plots were harvested 116 Ð147 d after planting with harvest dates ranging from 24 October to 11 December. Harvested roots were cured for Ϸ7 d at 35ЊC and 95% RH. After curing, storage rooms were cooled and sweetpotatoes were held at Ϸ13ЊC and 90% RH. The total weight and number of roots in each plot were determined after the sweetpotatoes had been cured and immediately before they were evaluated for resistance to insects.
Twelve sweetpotato genotypes were grown in two replicated Þeld trials at the Clemson University, Edisto Research and Education Center (Blackville, SC) in 1998 and 1999 (Table 2) . Each sweetpotato entry was planted in four replications of single-row, 20-plant plots arranged in a randomized complete block experimental design. Harvested roots were returned to the USVL, cured, and analyzed for insect injuries.
Twenty sweetpotato genotypes were grown in three replicated Þeld trials at the University of Florida, Tropical Research and Education Center (Homestead, FL) in 2005, 2006, and 2007 (Table 3) . Each sweetpotato entry was planted in three (2005 and 2006) or four (2007) replications of single-row, 20-plant plots arranged in a randomized complete block experimental design. Roots were weighed and examined for insect injury immediately after harvest.
All storage roots were scored individually for insect damage using previously published procedures (Schalk et al. 1991 . Among the parameters calculated was the severity index for the WDS complex (wireworm, Diabrotica, Systena) (Cuthbert and Davis 1971) , which was calculated by averaging the rating given to each root (1 ϭ 1Ð5 holes or scars, 2 ϭ 6 Ð10 holes or scars, 4 Ͼ 10 holes or scars). Injury by white grubs, sweetpotato ßea beetles, and sweetpotato weevils were the percentages of total roots that showed any damage by these insects. The percentage of uninjured roots (undamaged by any of the soil insect pests) was also determined. Data from individual trials were combined for each location before analyses. Because there were signiÞcant ßuc-tuations in the levels of insect pest injury each year, data for individual parameters were weighted by multiplying each data point by a weighting factor calculated as a proportion of the average for that factor for that year against the average of that factor over all years. These data were then subjected to a Means in the same column followed by a common letter are not signiÞcantly different (P ϭ 0.05; FisherÕs protected least signiÞcant difference) (SAS Institute 2009).
analysis of variance (ANOVA), and means were separated by FisherÕ least signiÞcant difference at the 5% probability level for type 1 errors (PROC GLM, SAS Institute 2009). Unweighted values are presented in Tables 1Ð3.
Results and Discussion
Several sweetpotato genotypes in this study exhibited signiÞcant levels of resistance to soil insect pests (Tables 1Ð3). The ANOVA indicated that there were signiÞcant (P Ͻ 0.05) entry effects for WDS index, percentage of uninjured roots, percentage of sweetpotato ßea beetle infestations, percentage of sweetpotato weevil infestations, percentage of white grub infestations, and overall yield (Kg/plot) at each location. There were no signiÞcant replication effects for any of the parameters.
The ANOVA indicated that there were signiÞcant differences (P Ͻ 0.05) for entry effects for total plot weight, but average yields (weight per plot) varied considerably in these experiments. Many of the insectresistant sweetpotato genotypes in this study did not produce as well as the mainstream cultivar, Beauregard. In fact, 39 of 52 genotypes at Charleston produced lower yields than did Beauregard (Table 1) . However, these yield data must be viewed with caution, as the poorly drained soils at the USVL are not optimal for sweetpotato production. In addition, Beauregard does not grow well in tropical climates (Jackson et al. , 2003 , and yields of all but three genotypes were equal to or higher than for Beauregard at the Homestead location. Picadito had the highest yields at Homestead, but it produced lower than average at Charleston (Table 1) . As reported earlier (Jackson 2007) , there is a relationship between yields and insect damage that must be considered when interpreting the results of Þeld studies. These studies also demonstrate that environment can greatly affect sweetpotatoes yields as has been demonstrated by other researchers (Collins et al. 1987) .
At Charleston, Blackville, and Homestead, respectively, 40 of 52, 8 of 12, and 18 of 20 sweetpotato genotypes, respectively, had a signiÞcantly higher percentage of uninjured roots than did the susceptible control cultivars (Beauregard and SC1149 Ð19; Tables 1Ð3). SC1149 Ð19, which has been used frequently as a susceptible control in Þeld evaluations of sweetpotato germplasm (Rolston et al. 1979 , was the most susceptible genotype in our study. This cultivar had a signiÞcantly lower percentage of uninjured roots than all but four sweetpotato entries in this study.
Also at Charleston, Blackville, and Homestead, respectively, 48 of 52, 7 of 12, and 18 of 20 sweetpotato genotypes had a signiÞcantly lower WDS Index rating than did the susceptible control cultivars (Tables 1Ð3). All other genotypes except Beauregard had a signiÞ-cantly lower WDS index, and lower infestation percentages for ßea beetles, grubs, and sweetpotato weevils than did SC1149 Ð19 (Tables 1Ð3) . Overall, none of the experimental sweetpotato genotypes were more resistant to soil insect pests than were the resistant check cultivars Ruddy and Regal. It was reported previously that Camote Morado (PI 399163), Regal, Ruddy, Sumor, and Tinian have high levels of resistance to the WDS complex in the Þeld Jackson et al. 2002 Jackson et al. , 2003 Jackson and Bohac 2006) .
At Charleston and Homestead, respectively, only 6 of 52 and 9 of 20 sweetpotato genotypes had a significantly lower percentage of grub-injured roots than did the two susceptible control cultivars. However, 34 of 52 genotypes at Charleston and 18 of 20 genotypes at Homestead had signiÞcantly lower percentage of grub-injured roots than did the most susceptible control cultivar, SC1149 Ð19 (Tables 1 and 3 ). In addition, all test genotypes at Blackville had signiÞcantly lower percentage of grub-injured roots than did the controls; however, the grub infestation level at Blackville was light compared with the other two locations (Table 2) . At all locations, the three insect-resistant control entries had signiÞcantly lower percentage of grub-injured roots than did the two susceptible control cultivars (Tables 1Ð3). At Charleston, only four of 52 sweetpotato genotypes had a signiÞcantly lower percentage of ßea beetle-injured roots than did the susceptible control cultivars (Table 1) . However, 32 of 52 genotypes at Charleston had a signiÞcantly lower percentage of ßea beetle-injured roots than did the most susceptible control cultivar, SC1149 Ð19. In addition, all experimental genotypes at Blackville and Homestead had signiÞcantly lower percentage of ßea beetle-injured roots than did the controls, but ßea beetle infestation levels at these locations were very light compared with the infestations at Charleston (Tables 2 and 3 ). Except for Sumor at Charleston, the three insect-resistant control entries had signiÞcantly lower percentage of ßea beetle-injured roots than did the two susceptible control cultivars at each location.
At Charleston and Homestead, respectively, 29 of 52 and 18 of 20 sweetpotato genotypes had a signiÞcantly lower percentage of weevil-injured roots than did the susceptible control cultivars (Beauregard and SC1149 Ð19) (Tables 1 and 3) . No sweetpotato weevil data were obtained from Blackville because this pest does not occur there. All of the test PIs at Homestead had signiÞcantly lower percentage of weevil infestations than did the two control cultivars (Table 3) . Camote Morado, Markham, Picadito, Regal, Tapato, Tinian, TIS-8401, and the WT-lines were especially resistant to weevil attack under relatively high population levels at Homestead. Jansson et al. (1990) reported that Picadito and Regal were less susceptible to weevil attack than ÔCentennialÕ or ÔJewelÕ. Waddill and Conover (1978) also reported that Picadito was less susceptible to sweetpotato weevil infestations than other commercial white-ßeshed varieties in southern Florida.
There is a wide range of susceptibilities to weevil attack among sweetpotato germplasm; however, most published reports on resistance to weevils, including this study, have simply been screening of existing germplasm sources (Pillai and Kamalan 1977 , Rolston et al. 1979 , Hahn and Leuschner 1981 , AVRDC 1987 , Thompson et al. 1999 . Nevertheless, resistant sweetpotato genotypes have been reported by researchers at several institutions, including the IITA, The World Vegetable Center (AVRDC), National Agricultural Research Systems (NARS) Institutes in South Asia, USDA-ARS, and several universities throughout the world (reviewed by Smit 1997) . Despite these reports, it has been proposed that these germplasm sources do not provide a useable level of resistance to sweetpotato weevils using conventional breeding techniques (Talekar 1987 , Collins et al. 1991 . However, we believe that progress can be made, and useable levels of resistance to the sweetpotato weevil can be developed from existing germplasm sources using conventional breeding techniques. Recently, we (Jackson et al. 2010) showed that over a 10-yr period (1999 Ð 2008) at the USVL, three of our cultivars (Regal, Ruddy, and Charleston Scarlet) maintained a high level of resistance to all soil insect pests, including sweetpotato weevils. We believe that further incremental progress can be made in developing pest-resistant cultivars using the recurrent mass selection technique as well as through speciÞc crosses using the pest-resistant sources identiÞed here. It is possible to concurrently select for resistance to several soil insect pests (Cuthbert and Jones 1972 , Thompson et al. 1999 , Jackson et al. 2010 . We believe that useable levels of resistance in sweetpotato genotypes to several insect pests are achievable using a rigorous breeding approach with high selection pressure and precise evaluations of insect damage.
In conclusion, we have identiÞed several sweetpotato PIs that have high levels of resistance to several insect pests. Certainly, the TIS-and WT-lines represent a valuable sources of resistance to soil insects. In addition, several of the South American, Caribbean, African, Asian, and Oceanic sources could be useful in a sweetpotato breeding program.
